Abstract Induction of heat shock proteins (Hsp) 72 and 27 can improve insulin signalling in obesity and type 2 diabetes via inhibition of key stress kinases. In metabolic disease, altered insulin signalling, as illustrated by increased serine phosphorylation of insulin receptor substrate (IRS)-1 (Ser312), is not confined to muscle or liver and can also affect other tissues and cell types, potentially impairing their primary biological function. This study specifically investigated insulin-stimulated glucose metabolism in monocytes and examined the impact of HSP induction on insulin signalling. Control (CG, BMI< 25 kg/m 2 ) or obese (OG, BMI>30 kg/m 2 ) participants were included in the study. Glucose transporter (GLUT)4 expression on monocytes, phosphorylated JNK, IKK-β and IRS-1, as well as Hsp27 and Hsp72, were measured in monocytes under fasting conditions. GLUT4 expression was also measured during an oral glucose tolerance test (OGTT). HSP induction as well as JNK, IKK-β activation and IRS-1 serine phosphorylation was investigated following heat stress. Obese patients showed lower GLUT4 levels on monocytes during the OGTT. pJNK, pIKK-β and pIRS-1 levels were increased in OG with pJNK and pIKK-β levels positively correlated with serine pIRS-1 and negatively with GLUT4 supporting their role in insulin resistance. Heat exposure induced Hsp72 and Hps27, but only in CG for the latter, and decreased pJNK, pIKK-β and pIRS-1. Our results show that induction of Hsp72 and 27 via heat stress is associated with inactivation of stress kinases and reduced serine pIRS-1 in monocytes from obese participants. This indicates that metabolic diseases can also affect monocyte metabolism via cellular stress that can be modulated via HSP induction.
Introduction
Heat shock proteins (HSPs) have been shown to play a protective role in the context of insulin resistance (McCarty 2006) . In obese animals, upregulation of Hsp72 resulted in decreased c-Jun N terminal kinase (JNK) activation and contributed to the improvement of insulin sensitivity in skeletal muscles (Chung et al. 2008) . It has further been suggested that Hsp27 upregulation could improve insulin signalling by regulating IκB kinase β (IKK-β) activation although this is yet to be confirmed. These observations clearly support a detrimental role of both JNK and IKK-β stress kinase activation on insulin signalling. Insulin stimulation in skeletal muscles leads to the autophosphorylation of the insulin receptor substrate-1 (IRS-1) on its tyrosine residues, resulting in the activation of the phosphoinositide 3 kinase (PI3k)/Akt pathway. This allows the translocation of the glucose transporter 4 (GLUT4) to the plasma membrane to support glucose uptake (Bryant et al. 2002) . In obesity, both intramuscular lipid accumulation and increased systemic inflammation lead to the activation of key stress kinases involved in the disruption of insulin signalling (Adams et al. 2004; Morino et al. 2006; Shoelson et al. 2006) . The activation of JNK and IKK-β has been associated with increased phosphorylation of IRS-1 on its serine residues rendering it a poor substrate for the insulin receptor Shoelson et al. 2006; Zick 2005) , disrupting insulin signalling and altering insulin-mediated GLUT4 levels .
Leukocytes also express GLUTs and show insulinstimulated glucose uptake, suggesting a regulatory role of insulin on their metabolic activity (Dimitriadis et al. 2005) . As in muscles, leukocyte GLUTs expression, both at the gene and protein levels, is impaired in obesity or type 2 diabetes (Kipmen-Korgun et al. 2009; Maratou et al. 2007) . In a small sample of obese people, a reduced response to the stimulating effect of insulin on GLUT4 expression on monocytes was reported (Maratou et al. 2007) . Although those studies seem to support an alteration of GLUT expression on monocytes in metabolic disorders, the responsible mechanisms for these impairments are still unclear.
In the present study, we investigated in monocytes the activation of key stress kinases known to impair insulin signalling and examined their activity following induction of Hsp72 and 27 achieved through heat stress. We hypothesised that, in obese people, JNK and IKK-β over-activation contributes to increased serine phosphorylation of IRS-1, disrupting insulin signalling, but that Hsp27 and Hsp72 induction could restore it.
Material and methods

Subjects
Sixteen sedentary participants (eight men and eight women; mean age, 44) underwent a medical screening and gave their informed consent. They were free of recent illness or infection, pregnancy and diagnosed cardiovascular disease and refrained from hypoglycemic drugs for 72 h. Two groups were formed according to body mass index (BMI): obese group (OG, BMI>30 kg/m 2 , n08, four men and four women) and control group (CG, BMI<25 kg/m 2 , n08, four men and four women). Only one of our obese participants was diagnosed with type 2 diabetes, based on the previously published norms: a fasting blood glucose higher than 7 mmol/L or blood glucose levels 2 h post the oral glucose tolerance test (OGTT) higher than 11.1 mmol/L (Expert Committee on the Diagnosis and Classification of Diabetes Mellitus 2003) Both groups were paired for gender, height and age (Table 1 ). The Ethics Committee of the University of Sydney approved all procedures carried out in this study.
Analytical methods
Fasting blood samples were collected before an OGTT (75 g glucose), during which blood samples were collected every 30 min for 2 h. Glucose levels were measured on heparinised blood (EML105 analyser, Radiometer, Denmark) and insulin on serum (enzyme-linked immunosorbent assay: DSl-10-1600, Diagnostic Systems Laboratories, USA). Insulin resistance, sensitivity and β cell function were calculated using the homeostatic model assessment (HOMA)2 (Wallace et al. 2004 ).
Flow cytometry
Protein expression and phosphorylation levels were measured on monocytes by flow cytometry (Dimitriadis et al. 2005; Simar et al. 2007 ). Leukocytes were stained with anti-CD14-phycoerythrin conjugated (BD Biosciences Pharmingen, USA) and unconjugated rabbit anti-GLUT4 (Chemicon International, USA) after red blood cell removal. After two washes, anti-GLUT4 antibody was then conjugated using anti-rabbit IgG-fluorescein isothiocyanate (FITC) conjugated (DakoCytomation, Denmark). Cells were washed twice again and fixed with 1 % paraformaldehyde and kept at 4°C until analysis on a flow cytometer (FACSCalibur, BD Biosciences, USA).
For intra-cellular staining, cells were fixed and permeabilised using a Fix and Perm kit (DakoCytomation, Denmark) after red blood cell removal and prior to staining with the primary [rabbit anti-phospho-SAPK/JNK (Thr183/ Tyr185, pJNK), anti-phospho IKK-β (Ser176/180, pIKK-β), anti-phospho IRS-1 (Ser312, pIRS-1), all from Cell Signalling Technology (USA), anti-Hsp72-FITC conjugated or Hsp27-FITC conjugated (Stressgen Bioreagents, USA)] and secondary antibodies (anti-rabbit IgG-FITC conjugated, DakoCytomation, Denmark). HSP induction was achieved by incubation of fasting blood sample for 2 h at 42°C, and Hsp72, Hsp27, pJNK, pIKK-β, pIRS-1 as well as GLUT4 levels (only in a subsample from each group for the latter) were then measured as described above. Data were analysed using FlowJo (Tree Star, USA) and Cytobank softwares (Cytobank Inc, USA). Mean fluorescence intensity was normalised using corresponding isotype controls. Expression of total JNK, IKK-β and IRS-1 (Cell Signalling Technology, USA) was assessed in a subpopulation of each group, and no significant effect of heat stress was observed (p>0.05, n08, data not shown).
Statistical analysis
Data are presented as mean±SE. The normality of the distribution was tested using the skewness and kurtosis tests. Difference between the two groups for anthropometric data and HOMA indexes was analysed using Student's t test. ANOVA for repeated measures was used to test time and group effects on insulin, glucose and GLUT4 levels during the OGTT (post hoc analysis using Fisher's least significant difference (LSD) test). Factorial ANOVA (post hoc analysis using Fisher's LSD test) was used to monitor the effect of heat exposure on protein levels in both groups. Correlations were assessed using Pearson's test. A significance level of p < 0.05 was used. Statistical analysis was run using SPSS Statistics version 18 (IBM Corporation, USA).
Results
As expected, our obese group showed significantly lower HOMA-%S (60 ± 5 vs. 107 ± 10, p 00.001) and higher HOMA-IR (1.8±0.2 vs. 1.0±0.1, p00.001) supporting impaired insulin sensitivity in this group (Table 1) . No significant difference was observed between the two groups in terms of β cell function (p>0.05, Table 1 ). In response to the OGTT, both groups showed increased levels of insulin and glucose (time effect, p<0.05, Fig. 1a, b) , but OG showed higher insulin levels (group effect, p<0.05, Fig. 1b ). GLUT4 levels significantly increased during the OGTT but only in CG (group and time effects, p<0.05, Fig. 2a, b) , supporting a negative impact of obesity on glucose transport in monocytes. This was further supported by negative correlations between GLUT4 and BMI or insulin resistance (r00.57, p00.02, n016 and r00.50, p00.04, n016, respectively) and a positive correlation observed between GLUT4 levels and HOMA-%S (r00.72, p00.002, n016).
Monocytes collected in fasting condition in OG showed higher levels of pJNK and pIKK-β supporting increased activation (p<0.05; Fig. 3b, d ). In the same group, serine pIRS-1 levels were also significantly increased compared to CG (p<0.05, Fig. 3e ), and both pJNK and pIKK-β were positively correlated with pIRS-1 (r00.78, p<0.001, n016 and r00.79, p<0.001, n0 16, respectively) supporting a role for these two stress kinases in impaired insulin signalling. Fasted (non-heated condition) monocytes from OG and CG presented similar levels of Hsp72 and Hsp27 expression (p>0.05; Fig. 4b, d, respectively) .
Heat exposure induced a significant twofold increase in Hsp72 expression in both groups (p < 0.05, Fig. 4b ), although Hsp27 levels increased only in CG (p < 0.05, Fig. 4d ). HSP induction was associated with a significant decrease of pJNK, pIKK-β (only in the OG group) and pIRS-1 levels in both groups (p<0.05; Fig. 3b, d , e, respectively). This was particularly obvious in monocytes from OG where activation of stress kinases and serine phosphorylation of IRS-1 were severely decreased.
Discussion
The present study shows that monocytes from obese subjects have increased activation of JNK and IKK-β, suggesting increased metabolic or inflammatory stress. This is associated with increased serine phosphorylation of IRS-1 and reduced GLUT4 levels in response to insulin stimulation, in line with insulin resistance in those cells. Induction of chaperone proteins through heat exposure, particularly Hsp72, was associated with reduced stress kinases activation and improved insulin signalling, as illustrated by reduced serine phosphorylation of IRS-1. Our results also support impaired HSP inducibility in monocytes from obese subjects.
As expected, participants from the OG group showed increased levels of both insulin and glucose at all time points during the OGTT test, increased HOMA-IR and impaired HOMA-%S indexes, indicating increased insulin resistance Fig. 3 Stress kinase activation and insulin signalling in response to heat shock. a Representative histograms of pJNK levels in monocytes from both groups at rest and after 2 h incubation at 42°C. b Bar graphs representing means±SE. c Representative histograms of pIKK-β levels in monocytes from both groups at rest and after 2 h incubation at 42°C.
d Bar graphs representing means±SE. e Representative histograms of pIRS-1 levels in monocytes from both groups at rest and after 2 h incubation at 42°C. f Bar graphs representing means±SE. *p<0.05 between OG and CG, † p<0.05 with baseline time point and impaired insulin sensitivity (Wallace et al. 2004 ). In addition, we show for the first time that GLUT4 upregulation in monocytes is impaired in response to physiological in vivo stimulation, i.e. during an OGTT. In a different model of obesity, in vitro stimulation using high insulin concentration failed to upregulate GLUT4 on monocytes (Maratou et al. 2007 ). Here, in vivo physiological stimulation of GLUT4 was totally blunted, and GLUT4 levels were correlated with the level of insulin resistance, confirming that monocytes share common alterations with major insulin-sensitive tissues in metabolic disorders (Dimitriadis et al. 2005) .
As previously reported in skeletal muscles or adipose tissues (Beeson et al. 2003; Gao et al. 2002) , but for the first time in monocytes, we found increased serine phosphorylation of IRS-1 in obese subjects. In addition, serine pIRS-1 was inversely correlated with GLUT4 expression in monocytes from obese subjects, suggesting impaired insulin signalling. Both increased fatty acids and pro-inflammatory cytokines can contribute to increased serine pIRS-1 in skeletal muscles (Adams et al. 2004 ). IRS-1 can be a substrate for a wide range of different serine kinases including JNK or IKK-β (Gao et al. 2002) and ceramides, and proinflammatory cytokines are well-known activators of JNK or IKK-β (Shoelson et al. 2003; Strle et al. 2006) . In the present study, higher levels of pJNK and pIKK-β were also observed in obese subjects and were associated with increased serine pIRS-1. In monocytes and macrophages, members of the toll-like receptor (TLR) family, mainly TLR4 and 2, mediate the activation of both JNK and IKK-β by fatty acids or pro-inflammatory cytokines (Akira 2003) . Hyperglycaemia, fatty acid accumulation or systemic inflammation, which are highly prevalent in obesity, can increase TLR4 and TLR2 expression in monocytes (Dasu and Jialal 2010; Devaraj et al. 2008) , potentially contributing to the over-activation of JNK and IKK-β, and thus mimicking metabolic alterations previously reported in major metabolically active organs.
Chronic whole-body hyperthermia has previously been shown to improve obesity-induced insulin resistance (Kokura et al. 2007) . In this report, db/db mice treated using whole-body hyperthermia showed increased skeletal muscle GLUT4 expression levels and improved whole-body insulin sensitivity. Although the clear mechanism at play was not identified, it was suggested that increased blood flow or intra-cellular Ca 2+ could play a significant role. Another well-described adaptation to hyperthermia is the induction of HSPs which can then play an anti-inflammatory role by directly regulating key signalling pathways (McCarty 2006) . Hsp27 has been shown to avidly bind to IKK-β, preventing the activation of NF kappa B pathway (Park et al. 2003) , whereas Hsp72 can regulate JNK activation (Park et al. . This suggests that heat-induced HSP upregulation could reduce JNK and IKK-β activation. Both chronic and acute heat treatments have been shown to improve insulin resistance in skeletal muscles induced by ageing or high-fat diet consumption (Gupte et al. 2009 (Gupte et al. , 2011 . In those reports, heat treatment induced an upregulation of Hsp72 and Hsp27, which was associated with a downregulation of JNK and IKK-β, contributing to the improvement of insulin-stimulated glucose uptake and insulin signalling. Interestingly, the heat stress-mediated inhibition of JNK was blunted by the pharmacological inhibition of Hsp72 (Gupte et al. 2009 (Gupte et al. , 2011 , in agreement with a previous study showing that Hsp72 contributes to the restoration of insulin signalling in obese animals through inhibition of JNK (Chung et al. 2008) . Here, we observed a significant induction of both Hsp72 and Hsp27 in response to heat stress in vitro. Hsp72 and Hsp27 induction was associated with reduced activation of both IKK-β and JNK, as well as reduced serine pIRS-1, suggesting an improvement in insulin signalling. A protective role for Hsp27 in the context of insulin resistance has previously been suggested (McCarty 2006) , which could be mediated by its inhibitory effect on IKK-β (Park et al. 2003) . Surprisingly, no significant induction of Hsp27 was observed in the obese group, but this was nonetheless associated with a reduced activation of IKK-β. Not only Hsp27 but also Hsp72 have been shown to have a regulatory effect on IKK-β activation (Kohn et al. 2002; Yoo et al. 2000) , and the preserved induction of Hsp72 in obese subjects might have contributed to the decrease in pIKK-β levels. This could suggest a stronger role for Hsp72 compared to Hsp27 in regulating JNK and IKK-β activation and in preserving or restoring insulin signalling, though additional studies would be required to confirm this point. Nonetheless, it must also be acknowledged that additional mechanisms could have played a role here in the heat-induced reduction in JNK and IKK-β activation including the induction of other HSPs not measured here. It should be noted that HSP induction in monocytes was weaker in obese subjects, an observation consistent with earlier reports showing altered HSP expression in metabolic disorders (Bruce et al. 2003) . In the context of insulin resistance, it is suspected that impaired cellular metabolism could negatively impact on HSP induction (Hooper and Hooper 2009 ). Although we observed a reduction in JNK and IKK-β activation and a reduction in pIRS-1 upon HSP induction, this was not associated with increased GLUT4 expression. This could be explained by the fact that HSP induction was performed on fasting samples and so in the absence of insulin stimulation.
We have here identified some of the potential mechanisms responsible for the impaired GLUT4 expression in monocytes. As observed in muscles or adipocytes, monocytes from obese patients are characterised by increased JNK and IKK-β activation leading to increased serine pIRS-1. This in turn results in decreased GLUT4 levels upon physiological stimulation. Induction of HSPs is associated with inhibition of JNK and IKK-β and decreased serine pIRS-1, suggesting improved insulin signalling, but this beneficial adaptation is impaired in obese subjects. These results suggest that monocytes share similar metabolic alterations with major insulinsensitive tissues in the context of obesity and thus provide a novel cellular model to investigate the development of insulin resistance. As previously suggested in animal models, modulating stress kinases activation through heat stress and HSP induction could provide a novel strategy to restore insulin sensitivity.
